Information on the low-flow characteristics of streams is essential for the development and management of West Virginia's surface-water resources. The information is useful for assessing the availability of water for municipal or industrial supplies, irrigation, recreation, aquatic life and wildlife conservation, and disposal of liquid wastes. Low-flow characteristics also are useful in regional draft-storage studies, for forecasting seasonal low flows, as indicators of the amount of ground-water flow to streams, and as legal indices for maintaining water-quality standards.
Water-quality standards in West Virginia incorporate the 7-day low flow at a 10-year recurrence interval of a receiving stream as part of the State's water-pollution-control program. Low-flow information also is needed to aid in evaluation of the effects of drainage from surface and underground mines on surface-water quality.
Purpose and Scope
The purpose of this report is to provide (1) updated information on the low-flow characteristics for gaged streams in West Virginia (Frye and Runner, 1970) and (2) equations for estimating the 7-day low flows with 2-year (M7,2) and 10-year (M7,10) recurrence intervals for ungaged streams.
This report describes low-flow characteristics of streams at 100 continuous-record and 296 partial-record streamflow-gaging stations. Data include low-flow frequency characteristics, streamflow recession rate variability, and precipitation. Procedures are presented for estimating 7-day low flows at ungaged streams in West Virginia, also presented are analytical techniques, methods for estimating low flow, and examples of determination of low flows.
Hydrologic Setting
The following description of hydrology was modified from the 1985 National Water Summary (Appel, 1986 ):
West Virginia is divided into three physiographic provinces (Fenneman, 1938) , each with distinctive rock types and drainage patterns. The western and central parts of the State are in the Appalachian Plateaus physiographic province. The consolidated, mostly noncarbonate sedimentary rocks that underlie this area have been eroded by streams and rivers to form steep hills and deeply incised valleys. Surface-drainage patterns are dendritic and surface-and ground-water drainage divides, which generally coincide, are well defined. The eastern part of the State, except for the extreme eastern tip, is in the Valley and Ridge physiographic province. The consolidated noncarbonate and carbonate sedimentary rocks that underlie the area form a series of broad northeast-trending valleys and ridges. Surface drainage typically forms a trellis pattern. Surface-and ground-water drainage divides coincide and are clearly defined in noncarbonate areas, but the divides in carbonate areas are generally not clearly defined and do not coincide. A very small area along the easternmost part of the State is in the Blue Ridge physiographic province.
There is a significant orographic effect on the geographic distribution of precipitation in the State. Average annual precipitation increases from 40 inches along the western boundary of the State eastward to about 60 inches in the higher elevations in the mountainous east-central part of the State. On the eastern side of the mountains, a well-defined rain shadow reduces average annual precipitation to about 36 inches in the Eastern Panhandle. Precipitation does not exhibit a strong seasonal pattern, but is distributed rather uniformly throughout the year. About 60 percent of the annual precipitation occurs from March through August. July is usually the wettest month, whereas September, October, and November are usually the driest. About 50 percent of the precipitation returns to the atmosphere by evapotranspiration.
Runoff in West Virginia varies seasonally and geographically. Average annual runoff ranges from 12 inches in the Eastern Panhandle to about 40 inches in the higher mountainous areas and to about 16 inches in the western and southern parts of the State. The lowest amounts of runoff generally occur from June through November--a period of high evapotranspiration--and the greatest amounts of runoff generally occur from December through May--a period of low evapotranspiration. In the higher mountainous areas, where average annual snowfall accumulations are as much as 200 inches, runoff is significantly affected by spring snowmelt. Only a small part of annual precipitation infiltrates and recharges the ground-water reservoirs. In the noncarbonate, consolidated-rock areas of the State, annual recharge to ground-water reservoirs generally ranges from 2 to 6 inches. In the carbonate-rock areas, annual recharge ranges from 6 to 12 inches (William A. Hobba, U.S. Geological Survey, oral commun., 1985) .
SELECTED STREAMFLOW CHARACTERISTICS

Low-Flow Frequency Characteristics
Low-flow frequency curves were prepared from annual low flows (usually the minimum average flow for some period of consecutive days). The year commonly used begins on April 1 and ends on March 31. Examples of frequency curves are shown in figure 1.
Frequency characteristics are taken from such curves. The ones used in this report are the 7-day, 2-year low flow (M7,2) and the 7-day, 10-year low flow (M7,10). ow frequency data has been computed for two different data sets in West Virginia. Frequency curves for streams with adequate continuous daily discharge records were computed by conventional methods (Hutchison, 1975) . Frequency characteristics for a few hundred sites at which only discharge measurements are available were estimated using the concurrent daily flows and the frequency characteristics at a nearby continuous-record station. 
Continuous Record Sites
Low-flow characteristics, 7-day, 2-year (M7,2) and 7-day, 10-year (M7,10) have been computed for 99 continuous-record gaging stations in West Virginia and for one in Maryland; the sites are located as shown in figure 2 and listed in Table 1 .
The streamflow data were analyzed by the log-Pearson type III frequencydistribution method. The results are included in table 1. Stationselection criteria includes stations having more than 5 years of continuous record, drainage area less than 1,000 mi 2 (square miles), and no significant regulation from dams, irrigation, or power-generating structures. Because regulation affects discharge in many of the larger streams throughout the State, only those periods of unregulated flows were used. Much of the data represent nonconcurrent time periods and, therefore, are not ideally suitable for comparison between stations, but overall should be representative of longer time periods.
Partial-Record Sites
Streamflow data that were previously collected formed the principle source of partial-record data. Several streamflow measurements were made at each of approximately 360 sites throughout the State during 1979-81 as part of a larger data-collection program designed to provide hydrologic information for use in describing the hydrology of the general coal-mining area. Additional low-flow measurements were made during September and early October 1983 at 296 of the sites and are included in the data base for lowflow calculations for this report. The locations of these sites are shown on figure 3, and the data included in table 2.
These measurements are published in reports by the U.S. Geological Survey (1980, 1981, 1982) and by Embree and others (1985) .
The partial-record sites were grouped by hydrologic units. A hydrologic unit, as shown on figure 4, is a geographic area representing part or all of a surface-drainage basin or an area with distinct hydrologic features (USGS, 1974) . The number of partial-record sites in each hydrologic unit ranges from 2 to 34. For each hydrologic unit, at least one index (continuous-record) site was selected that was free of regulation and diversion, had continuous-record during water years 1 1979-83, and was representative of the general conditions in that area for correlation and regression with the partial-record sites. The distribution of index sites and partial-record sites by drainage area are summarized in the following tables: A low-flow characteristic at a partial-record site can be estimated by transferring the low-flow characteristic at the index site through a relation defined by the concurrent flows at the two sites. A statistical method described by Hirsch and Gilroy (1984, p. 705-711 ) was used to determine the "line of organic correlation" between each partial-record site and its corresponding index (continuous-record) site. This method is denoted as maintenance of variance extension (MOVE.l) as described in detail by Hirsch (1982) . Figure 5 shows the relation between daily mean base flows of West Fork River at Brownsville (the index site) and concurrent flows of Salem Creek near Maken (the low-flow partial-record site). The line of organic correlation was determined using the MOVE.l method and is approximately midway between regression lines as determined by least-square methods in both the x and y directions. Figure 5 shows how the M7,2 and M7,10 discharges at the partial-record site (Salem Creek) are determined from the known characteristics at the index site. Hirsch and Gilroy (1984) discuss several statistical concepts that they indicate make this particular method "well-suited to the extension of hydrologic records." A more detailed description of the theory and procedures can be obtained from the cited references. Low-flow characteristics and other data at record-gaging stations are presented in table 2.
Streamflow Recession
Streamflow recession is the decline of streamflow with respect to time. Hydrograph plots of daily streamflow for each gaging station were examined to determine the streamflow-recession index curves for several events. The separate curves were then plotted on semilog graph paper with streamflow on the logarithmic (ordinate) scale and time in days on the arithmetic (abscissa) scale. For each station, lines are drawn approximately tangent to the lower discharge portions of the separate curves. This line represents a generalized base recession for all of the included events. The recession index, as described by Bingham (1986) , is the number of days for the streamflow to decrease one complete log cycle. Factors such as aquifer nonhomogeneity, time between rainfall events and ground-water losses or gains complicate the determination of the straight-line recession. The use of winter periods tends to minimize the interaction between these factors. Computed values of recession index for 100 continuous-record gaging stations are given in table 1. 
Streamflow Variability
In this report, variability is defined from the flow-duration curve, a cumulative frequency curve that shows the percentages of time that specified discharges were equaled or exceeded during a specified period. The shape of the lower end of the flow-duration curve provides information about low-flow characteristics in the basin.
In areas where the rock has low permeability and low storage capacity, streamflow decreases rapidly during dry periods because the rate of groundwater discharge to the stream is low. This is indicated as a steep slope in the lower part of the flow-duration curve. An example of these characteristics is shown by the flow-duration curve of Reedy Creek in figure 6 . In areas where the storage capacity of the rock is relatively high, storm runoff is decreased by the amount of water stored in the soil and rock. Ground-water discharge to the stream generally is higher, as indicated by the flatter slope in the lower part of the curve for Opequon Creek in figure 6.
The slope of the flow-duration curve also is a quantitative measure of streamflow variability (Searcy, 1959) . Lane and Lei (1950) suggested an index of variability, which they defined as the standard deviation of the logarithms of the stream discharge. On log-probability paper, the variability index represents the fall (in terms of log cycles) of the duration curve over one standard deviation. The index was computed by (1) obtaining values of discharge from the flow-duration curve at 10-percent intervals from 5 to 95 percent of the time, and (2) computing the standard deviation of the logarithms. Variability indexes for 100 continuous-record sites, ranging from 0.320 to 0.988, were used to develop the low-flow estimating equations and are included in table 1.
A higher value of variability indicates a steeper slope of the flowduration curve. A lower value of variability indicates greater ground-water storage capacity in the basin which results in higher sustained streamflow during dry periods. Aquifer characteristics are diverse, and the interaction of aquifers and streamflow is complex. The flow in many streams may be affected by several aquifers; therefore, the streamflow-variability indexes represent the integrated effects of the various aquifers on low flow within a given basin.
Regional Streamflow-Variabilitv Index
The streamflow-variability index for each of the 100 continuous-record stations used in the analyses was plotted on a map of the State ( fig. 2 ) at the location of the station. The streamflow-variability indexes used in the regression analyses ranged from 0.562 to 0.988 in Region 1 and from 0.320 to 0.872 in Region 2. The following table summarizes the distribution of these indexes. (2) 20 (7) 5 50 12 (5) _0 (1) 67 (6) *Number of stations omitted from analysis due to low flow data equal to zero.
The variability-index map shown in figure 2 was delineated into seven variability categories (0.37, 0.45, 0.55, 0.65, 0.75, 0.85, and 0.95 ) using the station variability-index values and the State geologic map. Variability categories 0.37 and 0.45 were not necessary for Region 1, so they are not included in subsequent analyses.
Variability index values for the 296 partial-record sites shown in figure 3 were determined by substituting the M7,2 and M7,10 values into the respective regression equations. The partial-record site variability-index values were used to further refine and verify the delineation of variability areas.
ESTIMATING LOW FLOWS FROM BASIN CHARACTERISTICS
The low-flow characteristics defined at gaging stations can be related to basin characteristics, and that relation can be used to define the lowflow characteristics at ungaged sites. The necessary basin characteristics are measured from maps or derived from tables.
The relations for M7,2 and M7,10 were defined by regression. Of the various basin characteristics studied, only drainage area and streamflow variability were found to be statistically significant at the 5 percent level.
Plots of residuals from these equations using drainage area and streamflow variability indicated that the State should be divided into two hydrologic regions ( fig. 2 ). Using the residual plot and the State geologic map (Cardwell and others, 1968) as guides, the boundary between Region 1 and Region 2 was selected as approximately the outcrop of the base of the Upper Pennsylvanian (Conemaugh Group) rocks. After the regional boundaries were established, regression equations for each region were derived; again drainage area and streamflow-variability index were the only variables significant at the 5-percent level.
There are 27 continuous-record stations in Region 1 and 73 in Region 2. Drainage area for these stations ranged from 2.82 to 759 mi 2 in Region 1 and from 1.80 to 862 mi 2 in Region 2. The distribution of drainage area is summarized in the following Total stations 20 (7) 67 (6) *Number in parentheses indicates number of stations omitted from analysis due to low flow data equal to zero.
Estimating Equations
The final estimating equations are shown below: As a method of further reducing bias in the final estimating equations, the values of V to be used were taken from the overlay values. Therefore, the standard errors are representative of the computational procedures.
The linearity of the M7,2 and M7,10 equations for each region was checked by plotting the regression residuals versus drainage area, streamflow-variability index, and low-flow values. There was no apparent bias. Plots of the logarithm of observed low flow as a function of the logarithm of predicted low flow for both regions are shown in figures 11 and 12.
Caution should be used when determining drainage area or variability index from maps or tables for use in the estimating equations. Area variations by several percent have an effect on estimated discharges, as can be seen in figures 7-10. Also, the magnitude of the regression coefficient for the variability index makes that variable very sensitive. When the site under study is very near an index site, the user should consider applying the equation(s) or graph(s) to the computed index-station value. This will provide an estimate of the effect of the difference.
The regression equations in this report are limited to estimating the M7,2 and M7,10 low flows of unregulated streams in West Virginia. Use of the equations is appropriate only for the range in low-flow discharge and drainage area used to derive the equations. In deriving the equations, drainage areas and subsequent discharges varied as shown below: It is common practice to consider discharge estimates that are less than 0.01 ft 3 /s (cubic feet per second) to be zero flow and to round all discharge estimates to the nearest hundredth. Therefore, the estimating curves, figures 7-10, are truncated at 0.01 ft 3 /s. Also, the estimating curves do not extend beyond the highest and lowest drainage areas used in their development.
The regression equations should not be used on streams where the flow is significantly affected by regulation or other human activities. Caution needs to be used in applying equations to streams where a significant amount of the low-flow discharge is contributed by large springs. Definition of the contributing drainage area, in such cases, is uncertain. Caution also needs to be used in applying the equations to streams where the basin is underlain primarily by limestone. Solution cavities in limestone can drastically alter the rate of flow within short reaches of the stream, as in limestone areas of the eastern part of the State where the streamflowvariability index can be less than 0.40. In some extensively mined areas in the southern part of the State, the index also is less than 0.40.
PROCEDURE FOR ESTIMATING 7 -DAY LOW FLOW AT UNGAGED SITES
Examples of the use of regression equations and graphs developed in this report for estimating low flows for ungaged streams in West Virginia are demonstrated in the following computations. Accurate location of the site on figure 2 and determination of the regional streamflow-variability index for the entire site is important for the proper use of this model. The streamflow variability index for a given site is determined by the location of that site, not the average variability for the contributing drainage area of the basin. For example, the site has a drainage area of 15 mi 2 and, from figure 2, is located in Region 1 where the streamflowvariability index is 0.75. Estimates of M7,2 and M7,10 are computed in the following manner: M7,2 = M7,2 -0.0015 (15) (0.75)'5 ' 39 M7,2 -0. 0015(21. 3)(4. 71) M7,2 -0.15 ft 3 /s M7,10 -0.0003(A) 1 '°°(;V)"7 -70 M7,10 -0.0003C15) 1 -(.75)'7 ' 70 M7,10 -0.0003(15)(9.16) M7,10 -0.04 ft 3 /s Solutions for the preceding equations for estimating M7,2 and M7,10 low flows are presented graphically in figures 7 and 8, respectively, for Region 1. The dashed line and arrows on figures 7 and 8 indicate the path of the estimating technique. In figures 7 and 8, locate drainage area (15 mi 2 ) along the abscissa scale. Move upward to the appropriate variability-index curve of 0.75 (V=0.75). Extend the line horizontally to the ordinate scale to obtain the estimated value of discharge. The following results were obtained for this example: from figure 7, M7,2 -0.15 ft 3 /s, and from figure 8, M7,10 = 0.04 ft 3 /s SUMMARY Low-flow characteristics of selected streams in West Virginia were determined at continuous-and partial-record sites. Daily discharges at 100 continuous-record gaging stations on unregulated streams were used to compute selected low-flow characteristics. Estimates of low-flow characteristics at 296 partial-record sites were computed by relating flows at those sites to concurrent flows at index (continuous) stations.
Regional equations derived from continuous-record low flows, drainage area, and a streamflow-variability index can be used to estimate minimum 7-day low flow at 2-and 10-year recurrence intervals for ungaged unregulated streams. The estimating procedure takes into account the integrated effects of geology and other hydrologic characteristics on low flow by using a streamflow-variability index. Values of this index are based on flow-duration curves from continuous-record streamflow gaging stations and geologic and other data.
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